We report the 2DE-based proteomic characterization of the venom of the medically important African puff adder, Bitis arietans, after prefractionation by incubation with a solid-phase combinatorial hexapeptide ligand library at three different pH values. This approach yielded partially overlapping yet clearly distinct sets of proteins. The B.
INTRODUCTION
Unravelling the total protein composition of complex proteomes is a major challenge of current proteomic technologies. This goal is often complicated by the wide dynamic range of proteomes, which in the case of human serum, per instance, comprises at least nine orders of magnitude [1] . To minimize this problem and allow access to the ''deep proteome'', a number of multidimensional pre-fractionation and tools for immunodepleting the most abundant proteins have been described [2] [3] [4] . Further, the use of a combinatorial library of hexapeptide ligands (Equalizer beads or ProteoMiner™, Bio-Rad) has been shown to allow access to low-abundance proteins undetectable by classical analytical methods [5] [6] [7] [8] . The use of large peptide libraries under overloading conditions to capture and "amplify" low abundance proteins from the whole proteome is based on a seminal paper by Thulasiraman et al. [9] and has been applied by PG Righetti´s group for exploring the "hidden proteome" of a number of biological samples, including human urine [10] and serum [11] , human platelets [12] , human erythrocytes [13] , chicken egg white [14] and yolk [15] , plant tissues [16] , and for detecting rare protein impurities [17, 18] . Equalizer beads reduce the dynamic range of proteomes by simultaneously diluting high-abundance proteins and concentrating low-abundance proteins.
Recent contributions of the literature of snake venom have underscored the need for multifaceted approaches for maximizing proteome coverage [19] [20] [21] . Very recently we have applied two solid-phase combinatorial hexapeptide ligand libraries to explore the occurrence of low-abundance proteins in the venom of Crotalus atrox [22] . C. atrox is the largest western rattlesnake and one of the more aggressive rattlesnake species found in North America. It is responsible for the majority of snakebite fatalities in northern Mexico and for the second greatest number in the USA after C. adamanteus [23] . This study showed the occurrence in the venom of protein spots barely, or not at all, detectable in the whole venom, including a C-type lectin-like protein, several PLA 2 molecules, PIII-SVMP isoforms, glutaminyl cyclase isoforms, and a 2-cys peroxiredoxin [22] . Peroxiredoxin and glutaminyl cyclase may participate, respectively, in redox processes leading to the structural/functional diversification of toxins, and in the N-terminal pyrrolidone carboxylic acid formation required in the maturation of bioactive peptides such as bradykinin-potentiating peptides and endogenous inhibitors of metalloproteases.
We have initiated a snake venomics project whose long-term goal is the in-depth analysis of viperid venom proteomes [24] [25] [26] . Here, we have explored the venom proteome of the African puff adder, Bitis arietans. With an average size is about 1 m in length and very stout, this species is probably the most common and widespread snakes in Africa [20] . Its common occurrence in most sub-Saharan habitats except true deserts and rain forests, potent venom, and willingness to bite make B. arietans responsible for more fatalities than any other African snake [23, [27] [28] [29] . The venom of B. arietans is one of the most toxic of any viper (LD 50 values in mice vary from 0.4-2.0 mg/kg i.v., 0.9-3.7 mg/kg i.p., to 4.4-7.7 mg/kg s.c. [30] ), and typically interferes with the hemostatic and coagulation systems. B. arietans causes up to 32.000 deaths per year and with many more victims ending up with permanent physical disability, due to local necrosis, and with psychological sequelae, both of which greatly jeopardize the quality of their lives [31] . Defining the deep proteome of B. arietans venom may provide a comprehensible catalogue of secreted proteins, which may contribute to a deeper understanding of the biological effects of the venom, and may also serve as a starting point for studying structure-function correlations of individual toxins.
Two-dimensional electrophoresis
The pH values of the three eluates were adjusted to neutrality and their protein concentration adjusted to 2 mg/mL. Disulphide bond reduction was performed at room 
Collision-induced dissociation tandem mass spectrometry (CID-MS/MS)
For peptide sequencing, the protein digest mixture was loaded in a nanospray capillary column and subjected to electrospray ionization (ESI) mass spectrometric analysis using a QTrap 2000 mass spectrometer (Applied Biosystems) [33] Carbamidomethyl cysteine and oxidation of methionine were fixed and variable modifications, respectively. Amino acid sequence similarity searches were performed against the available databanks using the BLAST program [44] implemented in the WU-BLAST2 search engine at http://www.bork.embl-heidelberg.de.
cDNA library construction and sequencing
A venom gland cDNA library was constructed from ten wild-caught specimens of B.
arietans (Nigeria), maintained in the herpetarium of the Liverpool School of Tropical Medicine, using identical protocols described for the construction of the venom gland cDNA library from E. ocellatus [45] . Briefly, one thousand randomly selected cDNA library clones were sequenced in the forward direction (Cogenics, UK) after which low quality, contaminating vector sequences and poly A+ tracts were removed using Trace2dbEST within the PartiGene pipeline [46] using the same high stringency clustering protocols used previously [45] , then assembled into contigs before BLAST annotation against Uniprot and TrEMBL databases.
RESULTS AND DISCUSION

The Bitis arietans venom proteome merged by CPLL capture at different pHs
Recently we have employed solid-phase combinatorial peptide ligand libraries (CPLL) to explore the venom proteome of the western diamondback rattlesnake, Crotalus atrox [22] . Treatment of the venom with ProteoMiner™ beads under overloading conditions resulted in the capture and amplification of several low abundance proteins, complementing data gained using our snake venomics protocol [24] [25] [26] towards a more complete description of the venom proteome. Indications in the literature of differences in the protein patterns recovered when the same library was eluted at slightly acidic or slightly alkaline pH conditions [47] , prompted us to explore the venom proteome of B. arietans employing a two-dimensional solid-phase combinatorial hexapeptide ligand library approach. Indeed, incubation of crude venom samples with the ProteoMiner™ beads in different pH conditions resulted in the recovery of partially overlapping yet clearly distinct sets of proteins (Fig.1, Table 1 ).
Noteworthy, no overall tendency for preferential capturing of acidic versus alkaline proteins when the venom was incubated at pH 3.82 or pH 9.97, respectively, was observed. On the other hand, 16 proteins (including all 5' nucleotidase and cystatin isoforms, a Kunitz-type inhibitor, and the disintegrin bitistatin) were uniquely identified in the pooled flow-through (FT) fraction; 10 unique proteins were identified in the pH 3.82 fraction. This fraction appeared to to be particularly good at capturing C-type lectin-like and snake venom metalloproteinases (SVMPs). 1 C-type lectin-like molecule (spot 65 in Fig.1C ) was exclusively recovered in the set of proteins adsorbed at pH 7.15; and 7 unique proteins were found in the pH 9.97 fraction, including the single PLA 2 protein (spot 78, Fig.1D ) identified in the venom proteome. All other proteins were shared between two, or more, fractions (Table 1) .
Differentially captured proteins included both high and low abundance species.
Many of the latter proteins were barely, if not at all, detectable in the 2DE separation of whole venom when the same amount of total proteins were loaded in the IPG strips (compare panels A with B-E of Fig.1 ). Per instance, this is particularly evident in the case of the Two-Kunitz inhibitor identified in the heterogeneous series of spots labelled 50 and 51 in Fig. 1C , the PI-SVMPs in spots 47 and 69 (Fig.1D) , the serine proteinase 28 (Fig.1B) or the L-amino acid oxidase isoform in spot 9 (Fig.1B) .
The B. arietans venom proteome, merged from the four sets of proteins recovered from the CPLL treatment at different pHs, comprises at least 43 distinct proteins (Table 1 ) from 9 toxin families (Fig.2) . However, the finding of multiple spots sharing peptide mass fingerprint, indicated the existence extensive diversity of isoforms among all the major protein families (Table 1 ). In addition, the characterization of a number of serine proteinase, snake venom metalloproteinases (SVMPs) and L-amino acid oxidase (LAO) fragments absent in the starting material indicated that proteolysis occurred during handling of the samples. Proteolysis during ProteoMiner™ treatment of C. atrox venom has been previously reported [22] .
SVMPs, serine proteinases, and C-type lectin-like (CTL) proteins, and to a minor extent PLA 2 , disintegrin bitistatin, and cystatin, comprise the major toxins in the venom of B. arietans (Fig.1A) . This view is in general agreement with the outcome of a previous reverse-phase HPLC-based proteomic characterization of the same venom [48] . Its toxin composition may account for the severe local and systemic symptoms, which bites from B. arietans can produce in humans including cytotoxic and necrotic effects, coagulopathies and hemorrhages evident as ecchymosis, incoagulable blood, and swelling. [27, 28] . However, the 2D-CPLL approach employed here identified both, i) a significantly higher (about double) number of proteins than the previous venomic approach [46] , and ii) minor novel components (eg., a 5'-nucleotidase found in spots 104 and 105, Fig.1E and Table 1 ).
Correlating the B. arietans venom proteome with the venom gland transcriptome
The CPLL-merged venom proteome includes 30 proteins encoded by contigs sequenced in a venom gland cDNA library of the same species ( Table 2 ). The pseudo expression levels of these toxins is displayed in Figure 2 . The venom proteome comprises also about 14 other proteins (including 1 serine proteinase, 7 CTLs, 2 SVMPs, and 4 unknown proteins) for which the MS/MS-derived peptide sequences did not match to any of the 63 toxin clusters generated by sequencing one thousand randomly selected cDNA library clones. In other words, the venom proteome gathered by the 2D-CPLL approach and transcriptome share only 47% of components. This figure is significantly lower than the 80% concordance between transcriptome and proteome reported by us for Echis ocellatus [42] .
Understandably, the transcriptome covers more than the proteome, especially in cases e.g. the SVMPs, when there are many isoforms. This is to be expected since separation of proteins with closely related physiochemical properties can be difficult and 1000 EST sequences gives quite a considerable depth of random sequencing compared to proteomic sampling. However, qualitative discrepancies in the compositional agreement of venom acquired using proteomic and transcriptomic approaches have been reported for other species, i.e. Lachesis muta [39] and Bitis gabonica gabonica [49] . Intraspecific venom variation represents a well documented phenomenon since more than 70 years [50, 51] , and is particularly notorious among species, which like B. arietans, have a wide distribution range [52] Table 1 lists the sets of proteins identified in the different fraction. Table 2 
